Abstract: Sensors deployed in natural environments, such as rivers, beaches and glaciers, experience large forces and damaging environmental conditions. Sensors need to be robust, securely operate for extended time periods and be readily relocated and serviced. The sensors must be housed in materials that mimic natural conditions of size, density, shape and roughness. We have developed an encasement system for sensors required to measure large forces experienced by mobile river sediment grains. Sensors are housed within two discrete cases that are rigidly conjoined. The inner case exactly fits the sensor, radio components and power source. This case can be mounted within outer cases of any larger size and can be precisely moulded to match the shapes of natural sediment. Total grain mass can be controlled by packing the outer case with dense material. Case design uses Solid-Works TM software, and shape-matching involved 3D laser scanning of natural pebbles. The cases were printed using a HP Designjet TM 3D printer that generates high precision parts that lock rigidly in place. The casings are watertight and robust. Laboratory testing produces accurate results over a wider range of accelerations than previously reported.
Introduction
Many contemporary sensing applications entail the remote, continuous, unattended and in-situ monitoring of natural processes. Such applications are possible, due to recent developments in the fields of Micro-Electro-Mechanical Systems and Wireless Sensor Networks and can pose technologically challenging demands, which were not a priori incorporated in the design/optimization criteria for either of these two fields [1] [2] [3] .
For environmental deployment, the production of flexible, robust sensor housings is an essential pre-requisite. Casings affect the overall usefulness of any monitoring system, since they define the limits of in-situ monitoring without the risk of damage, as well as other practical aspects, such as the ease of recovery or repair. These aspects become even more important in harsh and very variable natural environments, such as the ocean [4] , volcanoes [5] , glaciers [6] and rivers (on Earth and other planets [7] ), where complex processes take place, the understanding of which is based on the quality of the sensed data.
In parallel with practical considerations, it is crucial to understand how the sensor itself affects the process of data-acquisition, hence the quality of the derived data and the general theoretical context in which such data are analysed. The effects of the physical properties (e.g., shape, weight, density) of the sensor are especially important in the case of inertial sensors that are deployed for monitoring movement (such as accelerometers and gyroscopes), because the sensors inevitably become part of the process.
We are particularly interested in sensors that measure aspects of grain movement in rivers. The work reported here is based upon our experience in constructing wireless sensor systems to perform such measurements. Later phases of the work will address sensor design, power and radio communication aspects. Here, we particularly focus on a repeatable process for generating robust sensor casings that guarantee the physical and electrical integrity of the sensor and enable highly accurate calibration of the sensor in-situ.
Problem Statement: Motivation
Earth-surface processes often involve the movement of material at scales ranging from single grains to mass movements affecting entire hillslopes [8] . To assess material transport rates, morphological changes and environmental hazards, a common monitoring strategy is to tag and track a number of individual grains. This approach generates understanding of the displacement of sediment during events, but is often restricted to before-and after-event comparisons. Many methods have been devised to tag tracer grains, ranging from simple visual identification (painting) to very complex and technologically challenging techniques, such as the deployment of magnetic and radio frequency tags [9] [10] [11] .
Advances in sediment transport theory have been delayed by the absence of suitable technology to test theoretical predictions [12] . The lack of continuous data with accurate positional and timing references precludes reliable mathematical and statistical descriptions of the system, so restricting the use of these predictions [13] .
Casing Design Criteria Related to the Natural System
The shape of natural sediment grains exerts a strong influence over their movement [14] [15] [16] [17] . Theoretical analyses, however, have assumed idealised spherical grains (e.g., Wiberg and Smith [18] , etc.); this simplification makes the solution of the force-balance equations feasible, and the consequent results have been found to have widespread applicability (e.g., Hodge et al. [19] ). We begin with a spherical case, the performance of which can be precisely evaluated against theory and then generalise to the full range of natural shapes.
As well as grain shape, the density of the sensor must replicate that of natural material. The deployment of sensors, such as accelerometers, is useful only if the sensor behaves as a rigid body of uniform density (something that can be assumed for individual natural grains). The overall density and distribution of mass within the sensor must match those of natural materials without affecting the operation of the device.
The material properties of the case (such as the roughness of the surface or the plasticity) also affect the quality of the data. Experience from previous field studies shows that the design criteria include several environmental factors, such as chemical weathering of the case or its trapping by trees or debris, that affect greatly the long-term deployment of the sensor. These factors cannot be addressed if the system optimization is based exclusively on electronics-computing-related optimization criteria.
Scope and Structure of the Paper
Here, we present the first results from the development of a new mobile sensor, designed for acquiring data representative of the instantaneous forces experienced by individual pebbles in a river or a similar natural environment. We present a general framework that can potentially address one of the key challenges, the construction of adequate sensor casings. We discuss how the combination of available 3D modelling tools and fast prototyping technology (3D printing) speeds up the development process and has the potential to enhance the coherence of the sensed data.
Section 2 provides an overview of previous work, addressing the core limitations that restrict the deployment of this type of sensor and reviews common approaches to sensor housing in underwater environments. In Section 3, we describe the prototyping method and how it enhances the securing of the sensor and the representativeness of the derived data. In Section 4, we describe initial test results from a prototype sensor and housing and assess these results in the context of potential field deployment of the system. In Section 5, we summarize the key points.
Previous Relevant Work

Sediment Transport Sensing
A number of projects have developed 'smart' loggers, instrumented with suitable sensors that are able to store data, which, in principle, can be used to resolve the actual paths taken by individual grains through post-event analysis [20] [21] [22] . This approach initially faced many technical challenges in acquiring, storing and transmitting the data [20, 21] . Recent advances in the field of Micro-Electro-Mechanical Systems have enhanced data acquisition and storage [23, 24] . However, none of these projects has reached the stage of large-scale field deployment nor has published data that can be interpreted in a theoretical framework of natural sediment movement. The basic limitations are:
• Mismatch between the measurement range of the deployed sensors and the magnitude of the physical processes. Instantaneous point forces in natural systems are of greater magnitude than the measurement range of the sensors, and time-averaging leads to underestimates of peak forces. For example, static sensors used to measure river sediment movement record either the number of impacts or the maximum acceleration produced by impacting particles during a predetermined sampling interval [25, 26] . These measurements are known to underestimate the impact forces on individual grains; however, they do suggest a range of forces the sensor has to operate reliably. Instantaneous vibrations of an order of 100 g [26] have been recorded, an order of magnitude higher than the measurement range of the inertial accelerometers deployed in the majority of previous applications. An exception was the Smart-Cobble [21] , where the accelerometer alone was capable of capturing peak accelerations of 5,000 g, and the whole sensor had a measuring range of +/−480 g for an non-amplified signal (reducing to an operational range of +/−48 g after analogue amplification). This initial deployment of heavy-duty, high-range accelerometers was not continued in subsequent studies [23, 24] .
• The development of robust and representative sensor casings/enclosures. Deployment in natural environments requires durable, long-lasting and waterproof sensor housings. The sensor and housing together require physical characteristics (size, shape, weight, density, roughness) that ensure the representativeness of the data.
• The lack of real-time reference. A key limitation is that post-event analysis can be done robustly only in very controlled and well-defined time-space domains (which can be reproduced only in a laboratory setting), making difficult the connection with the real, highly variable conditions in a river system. Aberyawardana et al. [23] were able to extract very precise information about the entrainment conditions of a sensor, after a very detailed sensor-calibration process, but the post-event analysis of the data does not permit the accurate resolution of the path followed by their "smart" pebble.
As a result of these issues, sediment movement is currently monitored using techniques that provide information on sediment movement over long time periods. The most advanced techniques involve attaching magnetic or Radio Frequency Identification-tags to natural or artificial pebbles, to identify the initial position of the tracers before a flood, and, then, either try to identify the rest of the positions of the tracers after the flood using hand-held detectors [27] or combine this technique with the tracking of the position of the tracers as they pass a known downstream position during the transport event, when the process is underway at the time of detection (e.g., [28, 29] ).
Underwater Sensor Housings
The majority of the existing underwater-sensing equipment concerns oceanographic applications [30] , where there is a general requirement for robustness and long-lasting water-proof performance under very high pressures and harsh conditions. Environmental applications deployed static sensing units until very recently [1] , and underwater sensor mobility is investigated either in the context of robotics and vehicle navigation [31] or for depth adjustments towards the optimization of underwater acoustic networking techniques [32] . In rivers, the common sensing equipment used is also static (pressure sensors, chemical sensors, etc.), and except for not requiring durability under high pressures, the casing requirements are similar to oceanographic applications [33] . Consequently, the common sensor housing practice is the mounting of the sensors on a steady frame, which is protected by a durable cover made of PVC or metal.
Although the enclosures have never been addressed as a separate research challenge for underwater sensing systems [34] , research has been performed for increasing the lifetime of the case against specific erosion processes, such as bio-fouling [35] . However, the contemporary casing design criteria do not restrict or specifically define properties, such as the size, the shape or the density of the enclosures, as long as durability is secured.
Experimental Section
Case Design Procedure
Initially, it is critical to ensure that the sensor will not be excessively stressed and will remain dry during operation. The second critical requirement is to keep the sensor immobile and permanently oriented in relation to the final frame of the case. Achieving this integrity would be difficult if the whole design matched a natural shape. Hence, we use a two-part design: (1) an internal case for the sensor that has an internal structure to fit the sensor, holding it in place and keeping it operational; and (2) an outer case that fits rigidly around the first and that defines the overall shape of the sensor.
Design and Construction of the Internal Case
This phase begins with a 3D representation (a 3D model) of the actual sensor platform around which the inner casing is to be constructed. Figure 1 shows the 3D models of two commercial platforms that were tested for this application: the AdvanticSys CM4000 mote platform [36] , with the C01000 sensor platform [37] attached, and the G-node mote platform with the G-Colta sensor board attached, both produced by SOWNET Technologies [38] . The G-Colta sensor board is equipped with the ADXL-345 3-axial accelerometer with a maximum measurement range of +/−16 g produced by Analog Devices [39] .
The software used to produce the designs was Solid-Works TM provided by Dassault Systèmes [40] .
Although the sensor platforms can have relatively complicated 3D structures, it is possible to input the geometrical metrics at a 1:1 scale without significant error. However, a 3D scanner can be used in order to input an initial point-cloud sketch, which can then be manipulated through the software and corrected using manual measurements. The design can then be input into a 3D printer, producing a plastic 3D copy of the sensor's structure (this step is not essential and is used here for demonstration purposes). Figure 1 shows the digital and the actual copies for the two sensor platforms. Given the 3D model of the sensor platform as a base, it is possible to modify regular 3D shapes to incorporate the structure of the mote with great accuracy. The tools provided by the software enable the production of regular shapes (like ellipses and cubes), so they have an inertial form shaped as the exact negative of the sensor platform's 3D structure, while keeping the overall shape unaffected. This exact fit of a void within the regular shape to the sensor platform guarantees that the sensor platform will be immobile within the inner casing and consistently oriented relative to the outer casing. This enables the platform to be calibrated appropriately. Examples of the designs and the constructed internal enclosures are shown in Figure 2 for the two sensor platforms.
Outer Case
The initial stage in the process of development of this type of purpose-specific sensor is the testing of commercial, off-the-shelf platforms to assess the level of customization needed to fulfil the requirements of the application. The casing developed for this calibration/evaluation procedure must be idealized and regular in order to permit comparisons. As a result, the methodology was initially developed for idealized enclosures of regular shape and subsequently extended for the construction of cases with more realistic and natural shapes. Figure 2 . The development of internal case: (A) The sensor is accommodated rigidly by the internal structure of the case, matching the structure of the sensor, shown here for the CM4000 sensor-mote; (B,C) The final 3D printed case fits the sensor accurately, keeping the overall assembly compact and minimizing the movement of the sensor (examples for CM4000 (B) and G-node (C)); (D) Modifications can be made to accommodate special features, such as the modified antenna of the G-node, which can be secured within the spiral sculptured into the external surface of the case constructed for the G-node (D).
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Cases of Regular Shape
We use the inner case as a base around which to construct an outer case that has a desirable shape. As previously, the software tools enable the enclosure of the inner case with high precision.
The outer case must also have the internal support required to ensure overall durability (to ensure that the plastic will not crack under sudden stress) and can be used to enhance the water-proofing of the entire system. Durability is achieved by designing strong internal support structures and waterproofing by sculpturing structures, like O-rings, which can be filled with insulating materials (e.g., silicon or rubber). In parallel, the internal structure can be used to control the density of the whole assembly. To achieve this, we constructed the outer case with support structures and void spaces that can be filled with materials of known density that enable control over total mass and density ( Figure 3A) .
A challenge is to enable easy access to the sensor when required without risking the case coming open during operation. This requirement is fulfilled by building locking structures into the joints that keep the case firm and rigid when it is closed but enable it to be opened by moving it in a specific way ( Figure 3C ).
Cases of Non-Regular Shape
Our ultimate goal is the construction of an outer case to simulate the movement of natural pebbles of variable shapes (hence, the sensor data is as representative as possible). Here, the major concern is to copy effectively the shape of a natural pebble and use it as prototype for the overall case.
For this purpose, the internal case is placed in a modified outer enclosure to generate a more natural shape. There is no single representative shape for any rock type or sedimentary environment [41] , but modern scanning technology allows the replication of any shape.
We model two very different natural stones to illustrate the procedure. The first is a compact blade-shaped stone with medium sphericity (Pebble A in Figure 4) , and the second is a compact platy stone with low sphericity (Pebble B in Figure 4 ) [41] . 3D models of these two cases where generated by a 3D laser scanner (Roland TM 600 DS [42] ).
Simpler shapes, such as Pebble A, could be represented using simpler input methods, such as those used for the prototypes of the sensors, but this approach is inadequate for capturing the complexity of the pebbles, such as Pebble B. The design for the second case is exclusively based on the 3D scan, as this is the most accurate and fastest procedure.
A basic advantage of this design process is that it is possible to integrate almost directly the internal structure designed for the spherical case (which secures the durability and control of the density), by following simple scaling and integration tools provided by the software.
The above method is very versatile in terms of scaling, since it is possible to construct cases that are based on stones much larger or much smaller than the actual sensor. Accurate scaling can enhance the representativeness of the derived data, because when a representative pebble shape is determined for a specific site, it can be scaled to fit the sensor, no matter how diverse is the sample of stones upon which this decision was based,given that the procedure for deciding the representative shape of the grains for a specific site involves sampling and performing a number of statistical calculations that result in a number of characteristic shapes for the site. For example, in Figure 4 , the 3D representation of Pebble A printed at 1:1 scale for demonstration ( Figure 4B ) and the constructed case based on this pebble ( Figure 4B ,C) were designed using the same input. Figure 4 also shows a scaled representation for Pebble B. 
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111mm Figure 4 . Scaled copies of natural stones and representative example case: (A) 3D designs of natural stones after processing the data from the 3D scanner. Note the differences in angularity and sphericity (Pebble A is blade-shaped with medium sphericity; Pebble B is compact and platy with low sphericity); (B) Scaled 3D printings of Pebble A (left) and Pebble B (right); (C) Outer case based on Pebble A. The internal structure incorporates the internal case for the G-node. This outer case has a simple internal structure, but more complicated internal designs, such as used for the spherical cases, can be incorporated (Figure 3) .
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Results and Discussion
Timing of Development: Technical Considerations
We printed with an HP Designjet TM 3D printer [43] using standard, compatible with the printer, PVC
plastic. The quality of the printer is crucial for the time of development (3D printing proved to be the most time-consuming part of the whole procedure), as well as for the quality of the final product. This becomes more apparent during the latter stages of the development, where the actual enclosures are produced. As an indication, the printing time for the replicates of the sensors (Figure 1 ) (a length of 64 mm for the CM4000, for example) is close to four hours, while the 3D printing of the outer enclosures varies from eight to 20 h, depending upon the thickness, the internal supports and the complexity of the shapes being reproduced. The time required to produce the 3D designs is highly variable and depends on the experience of the modeller and familiarity with the software. However, a modeller relatively familiar with the principals of Digital Design and commonly used 3D Modelling /Computer Aided Design software can be expected to create a first prototype for a given sensor in less than a week, especially if the outer case is based on a natural pebble or an enclosure that can be scanned with the 3D scanner.
It is important that fast prototyping and 3D printing is possible for other materials besides the ABS plastic that is used for this application [44] . Moreover, the same design process can be followed to create casts for the creation of cases constructed with different materials (e.g., carbon fibre or metals) that can address the requirements for several applications. The inputs and the initial designs in this case would be manipulated following exactly the same procedure. The only differences would be at the final stage, where the designs used as input from the 3D printer must be modified to represent the exact negatives of the desired enclosure (a process very similar to the one followed in order to enclose accurately the sensors in the internal case).
Data Coherence: Initial Laboratory Tests
The complete testing of the data generated by sensors constructed as described above is ongoing. Here, we demonstrate how selected design features of the case affect the calibration process of the sensor and can potentially enhance the field deployment of such a system. Firstly, the ability of the casing to rigidly fix the sensor in position is critical. Figure 5 shows the difference between accelerations measured with the same sensor (the G-node) using two different enclosures. The experimental set-up consists of a shaking table moving periodically along one axis and capable of producing a variable acceleration with a known maximum of 4 g. The sensor is firmly attached to monitor the acceleration along the dominant axis (parallel to the movement of the table), as shown in the schematic representation of Figure 5A . The accelerations recorded in this axis must be significantly greater than those due to the rest of the vibrations produced by the whole shaking movement. 96 g, respectively) , confirming the direction and magnitude of the dominant process (periodic movement along the x-axis). Experiment 2 was performed without the internal case; hence, sensor orientation changed through time. The maximum acceleration for the x-axis is much larger than that produced by the shaking table (x max = 10 g). Moreover, the periodic movement is not recorded, and the comparison with the maxima on the other axes (3.18 g and 2.8 g on the y-and z-axes, respectively) is not indicative of the dominant process. During the first experiment ( Figure 5B ), the sensor was enclosed in the case that was designed following the previously-described procedure. As a result, the sensor was steadily orientated throughout the experiment and was moving as little as possible in relation to the whole case. Figure 5B shows the recorded acceleration along the three axes during a time period of 20 s at a sampling rate of 20 Hz. The raw signal indicates a dominant periodic impact on the x-axis capable of producing maximum acceleration of 4.2 g, which is significantly greater than the accelerations recorded on the other two axes.
In comparison, for the second experiment, the sensor was enclosed in a case with the same outer shape, but without the internal structure to stabilize the sensor, thus permitting the movement of the sensor within the casing. Figure 5B shows the results for the same accelerations, time period and sampling frequency as for Experiment 1. The results show how the movement of the sensor inside the case changes its orientation constantly, so that it is difficult to observe the orientation and magnitude of the motion. As a result, the recorded accelerations are inconsistent during the second experiment since: (a) the periodic motion of the shaking table is not recorded; and, more importantly; (b) the relative internal motion of the sensor generates an error as high as 150%, since the maximum acceleration produced from the shaking table is 4 g and, during the second experiment, the measurements for the x-axis have a maximum of 10 g.
Statistical Analysis
Moving a step further, we demonstrate how misleading the statistical analysis of data from a non-rigid sensor can be. Common practice for time series analysis involves the comparison of the distribution of each measurement and the application of linear filters (smoothing) in order to identify any trends or patterns that drive the monitored process. Figure 6 shows a statistical comparison between the acceleration signals derived during the two experiments.
Comparison Based on Variability
The first comparison concerns the kernel density of the signals for the three axes (x, y, z). For the first experiment ( Figure 6A) , the results reveal similar probability distributions for the accelerations on the y-and z-axes. The mean acceleration is very close to 0 g (0.078 g for the y-axis and −0.02 g for the z-axis), the standard deviation is of the same order (0. Interestingly, the probability distribution for acceleration on the x-axis is considerably different. The statistics of this signal reveal a different behaviour (the mean is equal to 0.074 g, with a standard deviation of 1.28 g, and the range is [−1.080,4.208] g). More importantly, the kernel density increases near the value of 4 g, indicating the significance of the maximum values. This peak can be interpreted as an indication of the periodic character of the effect. Overall, these results are representative for the magnitude and the direction of the dominant process, which is movement along the x-axis.
In comparison, the results from the second experiment are not representative. The results reveal similar probability distributions for the accelerations along the y-and x-axes. The mean acceleration is −0.7 g (standard deviation of 1.23 g) for the y-axis and 0.2 g (standard deviation of 1.47 g) for the x-axis, which makes the observation of the dominant process difficult. Moreover, the data give no indication of the periodic movement. Following the common practice, we applied two moving average filters to the time series of the acceleration signal on the x-axis (where the dominant movement takes place). The averaging factor for the first filter is a = 7 and for the second a = 17. The results for the first experiment ( Figure 6B ) reveal the seasonal periodic pattern in the time series suggesting an approximate period of 5 s (which is in agreement with the period measured after the analysis of the video recordings of the experiment). On the contrary, the results from the second experiment do not reveal this type of pattern, which is inconsistent, given the movement of the sensor.
Deployment Considerations
While it is unlikely that any sensing system will be constructed without taking into account the error produced by not securing the stability of the sensor inside the casing, our second experiment simulates effectively a situation where a casing fails during operation, a prospect that cannot be excluded in deployments where accelerations on the order of 100 g are possible.
An operator of this sensor is equally likely to receive both of the above signals during real deployment ( Figure 5 ). Especially in a natural setting where the line-of-sight contact with the system is not guaranteed, the only information about the monitored process is that derived from the statistical analysis of these signals. Taking into account that the known magnitude range of instantaneous measured physical properties can be significantly higher than the range of the derived measurements, both of these signals could appear to be valid and there is no way to identify the error in the second experiment during the statistical analysis. Consequently, it is important to prioritize stable orientation of the sensor in the case and minimization of internal movement during the design process of such a system.
Conclusions
Here, we demonstrate a new method for rapid prototyping of sensor enclosures. Focusing on inertial sensors for monitoring motion, the motivation for the development of this method lies in the potential inconsistency of the sensed data if two critical factors are not incorporated in the casing-design criteria: (a) the effect of the physical characteristics of the complete sensor on the movement of the device, hence on the representativeness of the derived data; and (b) the stability of the sensor along with the constant orientation in response to the overall frame of the casing.
We have described a versatile design process that can be adapted to any type of sensor platform and yields casings with pre-determined physical characteristics (such as shape and density). This enables the rapid design of casings for specific applications that will enhance the coherence of the data, since they will be compatible with the monitored environment and the data-acquisition process.
The results concern the application of this method during the development of a new sensor for monitoring river grain dynamics. Given the rapid improvements in the fast prototyping technologies described (which are both enhancing the quality and decreasing the price of the final case product), it is possible to apply this method for large-scale sensing applications.
Finally, we present results from two calibration experiments using an acceleration-impact sensor. The statistical analysis of the results suggests a potential error on the order of 150% in terms of magnitude and complete inconsistency in terms of the directional information about the movement of the sensor when the failure of the case to stabilize the sensor platform is simulated. This result can be considered in the context of remote sensing when no other information is available and the statistical analysis gives no indication about the potential error.
